The lumen of endosomal organelles becomes increasingly acidic when going from the cell surface to lysosomes. Luminal pH thereby regulates important processes such as the release of internalized ligands from their receptor or the activation of lysosomal enzymes. The main player in endosomal acidification is the vacuolar ATPase (V-ATPase), a multi-subunit transmembrane complex that pumps protons from the cytoplasm to the lumen of organelles, or to the outside of the cell. The active V-ATPase is composed of two multi-subunit domains, the transmembrane V 0 and the cytoplasmic V 1 . Here we found that the ratio of membrane associated V 1 /Vo varies along the endocytic pathway, the relative abundance of V 1 being higher on late endosomes than on early endosomes, providing an explanation for the higher acidity of late endosomes. We also found that all membrane-bound V-ATPase subunits were associated with detergent resistant membranes (DRM) isolated from late endosomes, raising the possibility that association with lipid-raft like domains also plays a role in regulating the activity of the proton pump. In support of this, we found that treatment of cells with U18666A, a drug that leads to the accumulation of cholesterol in late endosomes, affected acidification of late endosome. Altogether our findings indicate that the activity of the vATPase in the endocytic pathway is regulated both by reversible association/dissociation and the interaction with specific lipid environments.
Introduction
During evolution, compartmentalization of the intracellular space has allowed to spatially restrict and optimize certain biochemical reactions and pathways. Therefore the lumens of different organelles have different properties in terms of ion concentrations, redox states and also pH. Organellar pH is tightly regulated ranging from neutral in the endoplasmic reticulum, to mildly acidic in early endosomes and highly acidic in late endosomes/lysosomes [1] . Acidic pH affects a number of biological events such as membrane trafficking, dissociation of ligand-receptor complexes after internalization and activation of lysosomal enzymes [1] . Although pH regulation can be modulated by a variety of factors such as proton leak, ClC chloride channels or Na,K-ATPases [2, 3, 4, 5] , it is primarily determined by the activity of the vacuolar ATPase (V-ATPase), which is expressed in all eukaryotes from yeast to mammals [6, 7] .
The V-ATPase is a multi-subunit complex composed of two domains, a peripheral V 1 domain containing the ATPase activity and a membrane bound V 0 domain responsible for translocation of protons across the membrane [6, 8] . The central function of the VATPase is to pump protons from the cytoplasm to the lumen of organelles. In some specialized cells, the V-ATPase can also be found at the plasma membrane. Its role is then either to acidify the extracellular medium such as around osteoclasts and renal cells [9, 10, 11] , or to control the cytoplasmic pH as in neutrophiles and macrophages [12, 13] . The proton pump also appears to be involved in cancer through the promotion of metastasis and tumor progression and it is therefore considered as a potential drug target [6, 13] .
Despite the importance of the V-ATPase in physiological and pathological processes, the exact mechanisms that control the activity of the V-ATPase remain to be fully elucidated. Four regulatory mechanisms have been described to date. The first is the reversible dissociation of the catalytic V 1 domain from the membrane-associated V 0, which was observed in S. cerevisiae and Manduca sexta upon glucose deprivation and starvation respectively [14, 15] . Change in V 1 /V 0 association was also reported during maturation of murine dendritic cells [16] . The second mechanism involves the abundance of the proton pump at a given site. In cells such as renal cells and osteoclasts, where the proton pump is at the cell surface, acid secretion was indeed found to be modulated by a differential surface expression of the V-ATPase through reversible exocytosis and endocytosis of the pump [17] . The third mechanism by which the activity of the V-ATPase could be modulated is by changing of the coupling efficiency between ATP hydrolysis and proton translocation, attributable to different isoforms of subunit V 0 a. This differential coupling efficiency was proposed to explain that lysosomes are more acidic than the Golgi [1, 6, 18] [19] . Finally, it has been proposed that specific lipids can affect the activity of the V-ATPase. More specifically it was shown in yeast that sphingolipids with a C26 acyl group are required for generating V1 domains with ATPase activity [20] . Interestingly, several V-ATPase inhibitors where shown to incorporate into the lipid bilayer and affect the V-ATPase structural flexibility [21, 22] .
In this study, our interest was to get a better understanding of how pH is controlled along the endocytic pathway in mammalian cells, since most studies on V-ATPase regulation where performed in yeast. We found that the increased acidity of late endosomes is not due to a higher density of proton pumps but rather to an increase in the V 1 /V 0 ratio when compared to early endosomes. Thus regulation would occur via reversible association/dissociation, reminiscent of what occurs found in yeast. Additionally, we found that the lipid environment of the V-ATPase is of essential importance for its activity, suggesting a second mode of regulation and highlighting that the V-ATPase activity is modulated by multiple, simultaneously operating, mechanisms.
Results

DRM association of all the subunits of the V-ATPase
Endosomes, and in particular late endosomes, are well known to be composed of mosaics of domains [23, 24] . We have shown that late endosomes, in particular, contain raft-like domains that are rich in cholesterol and sphingomyelin and resistant to extraction in non-ionic detergents at 4uC [25, 26] . To further characterize late endosomal DRMs, we have here performed a proteomic analysis. Proteomics analysis of DRM fractions have been reported in numerous studies [27, 28, 29, 30, 31] , but this is the first that proteomics was performed on DRMs of a purified endocytic organelle. As previously, late endosomes were obtained from Baby Hamster Kidney cells, since a well-established subcellular fractionation protocol to purify late endosomes is available for this cell line [25, 32] . We have previously shown using surface biotinylation of proteins that this fraction does not contain detectable amounts of plasma membrane [33] . Moreover this late endosomal fraction is not contaminated by Golgi, endoplasmic reticulum, early endosomal or caveolar membranes, as shown by western blotting using marker proteins [34] . It is likely that the high purity of this fraction is due to the fact that the late endosomal fraction has a very low buoyancy and thus migrates through the entire gradient to the top of the tube, far away from all other cellular compartments. The llate endosomal fraction was subsequently submitted to solubilization in triton X-100 at 4uC and the Detergent-Resistant-Membranes (DRMs, fractions 1 and 2 from the top of the gradient) were separated from the DetergentSoluble-Membranes (DSMs, fractions 5 and 6) using floatation gradients. The proteomes of both the DRMs and DSMs were determined by mass spectrometry after appropriate trypsinization and sample preparation.
Some 126 and 161 proteins were identified in the DRM and DSM fractions respectively, 44 of which were found in both fractions (Table 1 and 2), which jointly provide a global proteome of the organelle. Reassuringly, known late endosome specific proteins such as the small GTPase Rab7, the lysosomal glycoprotein LAMP2, or the NPC1 protein involved in Niemann Pick type C disease [35] were found. Also the DRM fraction contained most of the well-documented rafts markers such as caveolin-1 and 2 -involved in the formation of caveolae, in signaling and in lipid regulation [36] -, erlin 2, -a DRM associated ER protein [37] , flotillins 1 and 2 [38] , which were also found in the DSM in agreement with detectable amounts by western blotting [25] , stomatin and the hyaluronic acid receptor CD44 [39] .
As illustrated in Fig. 1 , proteins forming the largest group, in both fractions, were involved in trafficking, confirming that late endosomes are implicated in intensive communication with other compartments. In particular, several small GTPases of the Rab family, in addition to Rab7 well known to localize to late endosomes, were found, in agreement with other proteomic studies [40] and suggesting a more complex role/localization of Rabs than expected.
Interestingly many of the identified proteins were involved in signaling, in particular in the DRMs, such as the a and ß subunits of several G proteins, as also reported by others reported [40, 41] . The presence of these proteins in late endosomes supports the notion that endosomes are active signaling sites [42] and that cholesterol rich domains are important in organizing signaling platforms [43] .
However, the most striking finding to us was the identification of all the subunits of the V-ATPase (a1, c and d from the V0 subunit and A, B2, C, D, E, F, G2 and H from the V1 subunit) exclusively in the DRM fraction. This observation suggested that the VATPase may localize to specific membrane domains within late endosomes and that this could be important for its function or the regulation of its activity.
There is increasing evidence that the V-ATPase can interact with numerous regulatory proteins, and thus we investigated whether some of these proteins came up in our proteomics analysis. The H-subunit, which shows homology to ß-adaptins [44] , was found to interact with the m2-chain of AP2 adaptor and promotes clathrin-coated vesicle (CCV) formation [44] . Interestingly we found three of the subunits of the adaptor complex AP-2, in the late endosomal DRM fraction. Functional AP-2 complex was previously observed in lysosomes and found to support clathrin assembly and bud formation [45, 46] . We also found the small GTPase Arf6, albeit in DSM fraction. Arf6 was found to interact with the Vo c subunit and it was proposed that through this interaction, the vATPase could modulate membrane trafficking in the endosomal system [47] . In addition to mediating proton transport, it has been proposed that the Vo subunit is involved in vesicles fusion both in yeast [48] and in higher eukaryotes [49, 50] . Numerous proteins involved in membrane fusion were found in the DRM fraction including SNAP-23, syntaxin 8, VAMP-A and the v-SNARE like protein Vtil-rp1.
Finally the dissociation of the V1/vo complex, in yeast, has been shown to require an intact microtubule network [51] and well aldolase, which would act as a glucose sensor and signal for the dissociation of the V-ATPase [52] . Both tubulin and aldolase were detected in our proteomic analysis. Interestingly aldolase was only found in the DSM fraction and it is tempting to speculate that spatial segregation between the V-ATPase and aldolase is necessary to prevent uncontrolled disassembly of the complex. Clearly, non transmembrane proteins could also be removed from the detergent resistant domains during the solubilization.
DRM association of the V-ATPase
To validate the DRM association of the V-ATPase revealed by the proteomic analysis, we performed a Western blot analysis probing for V-ATPase subunits of the V 1 and V 0 domains. Distribution of the V0 domain was monitored by following the d subunit and distribution of the V1 domain by following the A subunit. Both V 0 d and V 1 A subunits were found in the DRM fractions of both late endosomes and early endosomes (Fig. 2) . Note that the total protein content of each fraction was analyzed in Fig. 2 , as opposed to the same amount of protein. Fig. 2 thus shows that the majority of the V-ATPase localized to DRMs, showing a 
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Effects of U18666A treatment on the acidification of late endosomes
The above experiments show that all along the endocytic pathway, from early to late endosomes, the V-ATPase exhibits a strong affinity for DRMs suggesting its preference for cholesterol rich, ordered membrane domains. To evaluate the physiological relevance of these findings, we investigated whether perturbing cholesterol rich domains in late endosomes would affect the function of the V-ATPase, by monitoring the acidity of late endosomes.
We first investigated whether extraction of cholesterol from cells using ß-methylcyclodextrin (ß-MCD) would lead to a change in late endosome acidification. Cells were treated with 10 mM ß-MCD for 55 min leading to an <50% decrease in total cholesterol content [53] . As illustrated in Fig. S1 , ß-MCD treatment led to a significant increase in late endosomal pH, supporting the notion that alteration of cholesterol rich domains affects the function of the V-ATPase. These findings however need to be taken with a word of caution, since we have no evidence that extraction of cholesterol from the plasma membrane actually leads to a significant reduction of cholesterol in late endosomes. Indeed when purifying late endosomes from ß-MCD treated cells, we could not detect a significant change in cholesterol, as analyzed by thin layer chromatography, a technique that might not be sensitive enough to detect small changes (10-20%). We therefore decided to induce perturbation of late endosomal membrane domains by treating cells with the negatively charged amine 3beta-(2-diethylaminoethoxy)-androstenone HCl (U18666A) [54] , which leads to the accumulation of cholesterol in late endosomes, through unknown mechanisms, and to alterations in the membrane dynamics of this compartment [34] . Treatment for 18 hrs with U18666A mimics the Niemann Pick type C phenotype Fig. 3CF and 4CF ). The pH measurements were performed by fluorescence ratio imaging, using the pH sensitive florescent probe FITC (fluorescein isothiocyanate) [56] . We used two different probes: FITC coupled to dextran, which was endocytosed by fluid phase and thus provides information on the bulk of the endosomal lumen, and FITC coupled to a monoclonal antibody, 4A1, against the luminal domain of the hamster late endosomal protein Lamp1. Lamp1 localizes specifically to the limiting membrane of late endosomes [57] -this organelle being multivesicular [23] -, and thus FITC anti-lamp1 allows the measurement of the pH in the vicinity of the limiting membrane. We find that the 4A1 anti-Lamp1 antibody internalized overnight (Fig. 3B, 3E ), reaches late endosomes where it binds to its antigen (co-localizing with the late endosomal lipid LBPA, not shown) and is not degraded, in agreement with observations by others [58, 59] . In contrast, a none specific antibody endocytosed at the same concentration was degraded in late endosomes/lysosomes, as documented by others [59] . The fluid phase fluorescent probe, FITC-Dextran was internalized for 159 and chased for 409 in order to reach late endosomes (Fig. 4B,  4E ). Importantly we have previously shown that U18666A treatment does not prevent transport to late endosomes [34] . Series of images were taken at both 440 nm and 490 nm, prior to calibration with different pH solutions, which allows the translation of ratio values into pH values. As illustrated by the pseudocolor images (Fig. 3B, 4B ) and quantified in the distribution histograms (Fig. 3A, 4A ), the pH of late endosomes in control cells varied between 4.8560.40 and 5.0960.44 depending on the probe used, a pH that was neutralized upon treatment with the VATPase specific inhibitor bafilomycin (Fig. 3A) . Late endosomes of U18666A cells were however 0.41 (using anti-lamp1 FITC) to 0.88 Regulation of the V-ATPase (using FITC dextran) pH units less acidic than late endosomes from control cells, yet pH was still sensitive to bafilomycin, suggesting that acidity was still mainly due to the V-ATPase. We next analyzed the effect of U18666A biochemically, monitoring the association of the V-ATPase subunits with membranes. Post nuclear supernatant (PNS) from control and U18666A treated BHK cells were submitted to high-speed centrifugation to separate the membranes (P: pellet) from the cytosol (SN: supernatant). As expected for a V 0 domain subunit, V 0 d was entirely membranes associated, irrespective of U18666A treatment. In contrast, the majority of V 1 E was in the cytosolic fraction of control cells with only a minor fraction associated with membranes. Interestingly, this distribution was reversed upon U18666A treatment, leading a two-fold increase in the membrane to cytosol ratio of the V 1 E subunit (Fig. 5) . This result indicates that the lipid composition of the membrane, and possibly the degree of order of the membrane, affects the V1-V0 association/ dissociation of the V-ATPase. The observations are compatible with a higher V1 off rate in a more fluid membrane. The transport of protons by the V-ATPase requires the association of the V1 sector with the V0. Therefore an increased association of V1 with membranes as observed upon U18666A would a priori be expected to lead to an increased activity and thus more acidic endosomes. Yet U18666A led to a decrease in acidity. Together these observations suggest that U18666A altered the dynamics of association/dissociation, which appear to be essential for proper Figure 2 . Association of V1 and V0 domains of the V-ATPase with the DRMs of early and late endosomes. Late (A) and early (B) endosomes were purified from BHK cells and the fractions were submitted to solubilization in 1% triton X-100 at 4uC. The Triton X-100 treated fractions were subsequently loaded at the bottom of an OptiPrep gradient. After centrifugation, 6 fractions were collected from the top and analyzed by SDS-PAGE followed by Western blotting to detect flotilin-1, Rab7, the vATPas subunits V0d and V1A. doi:10.1371/journal.pone.0002758.g002 Increase of the V 1 /V 0 ratio along the endocytic pathway
The above observation suggests that the membrane environment influences the activity of the V-ATPase. This does not exclude other mechanisms of regulation and in particular we found that the V-ATPase was associated with DRMs in both early and late endosomes, rendering it unlikely that membrane localization is the sole responsible for the different pH in early and late endosomes. We therefore investigate whether association/ dissociation of the V1 domain form the V0 domain, the regulatory mechanism found in yeast, could contribute to the increase in acidity along the endocytic pathway. Early and late endosomes fractions, enriched in the transferrin receptor and the late endosomal lipid lysobisphosphatidic acid (LBPA, used a marker of late endosomes) respectively (Fig. 6A and 6B) , were obtained by differential centrifugation from BHK cells and separated from heavy membranes containing the endoplasmic reticulum and the Golgi (Fig. 6) . As expected, the V 0 and V 1 subunits, revealed with anti-V 0 d and anti-V 1 B respectively, were detected in both early and late endosomes (Fig. 6A) . As observed through the analysis of multiple experiments, the enrichment of the V0 subunit d was quite similar in early and late endosomes indicating that the density of the proton translocator subunit was the same in both compartments (not shown). What was strikingly different between early and late endosomes was however the relative abundance of the V1 domain, as witness by following the B (Fig. 6A) , the A or E subunits (data not shown): the V1/V0 ratio was always higher in late than in early endosomes, as quantified from several experiments in Fig. 6B (n = 3, note that the ratios only have a relative meaning and do not provide stochiometric information because the antibodies against the two subunits are by definition different). The higher V1/V0 ratio in late vs. early endosomes correlates with the higher acidity of this compartment, suggesting that an increase in V-ATPase activity through an increase in V1-V0 association is the underlying mechanism and that this mechanism of regulation is not restricted to yeast [14, 60] and maturing dendritic cells [16] .
Discussion
Endosomes are the most acidic organelles in mammalian cells, yet little is known about the exact mechanisms that regulate their pH and how acidity increases along the endocytic pathway. Although the V-ATPase is the main contributor to this acidity, how its activity Figure 5 . Increase of V1 association to membrane upon U18666A treatment. PNS was submitted to high speed spinning and pellet (P) and supernatant (SN) were loaded on a gel. Western blotting was revealed with V0d and V1E subunit antibody. Quantification reveals that upon U18666A treatment, V1E is 4-fold more associated with the membrane (pellet) than in control cells. doi:10.1371/journal.pone.0002758.g005 Figure 6 . Increased assembly of the two sectors of the VATPase in late endosome. Subcellular fractionation of postnuclear supernatants (PNS) was performed to separate early (EE) from late endosomes (LE) and heavy membranes (HM) A: 20 mg of protein from each fraction were separated in 12.5% SDS-PAGE and blotted for the presence of TfR (early endosomal marker), V0d and V1B. B: The late endosomal lipid LBPA was used to follow the distribution of late endosomes on the gradient. An equal amount of protein was used for LBPA detection by ELISA with the LBPA antibody (6C4). C: Western blot was quantified using a Phosphoimager (Bio-Rad Laboratories) and the ratio V1/V0 was plotted. Note that the ratio LE/EE is higher for the V1B subunit than for the V0d subunit suggesting a higher assembly of the V-ATPase in the late endosomes compared to early endosomes. doi:10.1371/journal.pone.0002758.g006
is regulated is to a large extent unknown. The main mechanism described to date is the reversible dissociation of the V 0 and V 1 domains of the V-ATPase. It was first discovered in yeasts and insects. In these organisms however, dissociation appears as a survival mechanism to conserve the ATP stock upon conditions of energy limitation by glucose deprivation or starvation [7, 14, 15] . The known glucose-induced signaling pathways do not seem to be involved since mutants in the ras-cyclic AMP pathway or in the protein kinase C pathway, continue to assemble in the presence of glucose [7, 61] . Regulation by reversible dissociation has also been described in specialized mammalian cells, such as renal epithelial cells, where reversible dissociation is, as in yeast, coupled to glucose levels [62, 63] . The only situation in which changes in V1-V0 association were aimed at controlling endosomal pH was during maturation of dendritic cells, where increased acidification was shown to increase the activity of hydrolytic enzymes and thus the efficiency of antigen processing [16] . Our work suggests that, as in maturing dendritic cells, increased assembly of the V-ATPase sectors along the endocytic pathway of fibroblast-like cells contributes to increasing the acidity of the organelles.
Changes in V1-V0 association raise the questions of the mechanisms that regulate this process. Our striking finding that all the subunits of the V-ATPase localized to the DRM fraction and that treatment of cells with U18666A, which affects late endosomal cholesterol levels, lead to an increase in V1-V0 association, together point to a role of the membrane composition in controlling the rate of V1-V0 association-dissociation. This could be either through the direct effect of specific lipids on the V-ATPase mediated by a lipidprotein interaction, or/and through an effect of the membrane fluidity. High fluidity, as possibly found at the plasma membrane, would lead to V1 dissociation and a drop in V-ATPase mediated acidification. Similarly low membrane fluidity, as promoted by U18666A dependent cholesterol accumulation, would lead to a too strong V1-V0 interaction preventing proper function of the proton pump, and thus again reduction in activity. The effect of U18666A is reminiscent of the marine-derived V-ATPase inhibitor salicylihalamide A. This metabolite binds to the Vo complex, as do Bafilomycin A or concanamycin, but to a different site. More strikingly, salicylihalamide A triggers a dramatic redistribution of the V1 complex from the cytoplasm to the endosomes, a redistribution not observed with the other inhibitors [64] . The paradoxical effects of U18666A and salicylihalamide A suggest that excessive stabilization of the V1-V0 complexes is detrimental to the pumps activity.
The hypothesis that raft-like domains are involved in regulating the activity of the mammalian V-ATPase is further supported by findings by others, in yeast, that sphingomyelin [20] , and possibly ceramide [65] modulate the function of the V-ATPase. Interestingly, ceramide was also found to be required for oligomerization of the plasma membrane proton ATPase in yeast [66] .
We wish to mention that the V-ATPase has previously been found in a raft fraction of the plasma membrane of neurons [67] . However only components of the V0 domain were identified. In contrast, we here found all eight V1 subunits (table 1). Yoshinaka et al. [43] hypothesize that the V-ATPase may disassemble during sample preparation or that the V0 sector selectively associates with rafts. Our results show that both V1 and V0 sectors can be recovered in the DRM fraction. The apparent discrepancy between the two studies could be due to the fact that plasma membrane fractions were analyzed in the first study and that the V-ATPase is mostly disassembled at that cellular site as opposed to endosomes studied here. This interpretation is supported by our finding that assembly of V1 and V0 increases along the endocytic pathway and would thus be lowest at the cell surface.
The here identified effect of membrane composition on the activity of the V-ATPase suggests that diseases that affect lipid distribution or composition, in particular in the endocytic pathway, may lead to alterations in endosomal pH. It will therefore be of interest to determine if endosomal pH is affected in cells from patients suffering from lipid storage diseases such as Niemann Pick type C and how this affects endosomal function.
Materials and Methods
Cell, reagents and drug treatment
Monolayers of Baby hamster kidney (BHK) cells were grown and maintained as described previously [68, 69] . The monoclonal antibodies against LBPA (6C4) and Lamp 1 (4A1) have been described [58, 70] . Monoclonal anti-transferrin receptor antibodies were from Zymed Laboratories Inc. Rabbit polyclonal anti-flotillin antibodies were produced by our laboratory [25] . Polyclonal antibody against the 39-kDa subunit of the V-ATPase (V0d) was previously described [71] . Rabbit polyclonal antibodies against V1 subunit A and V1 subunit E were kind gifts from I. Schultz and antibodies against V1 subunit B were produced by Eurogentech. Rhodamine-dextran (10,000 Da) was from Molecular Probes. For pH measurement, Lamp1 antibody was labeled with FITC (Fluo reporter labeling kit) from Molecular probes. Cells were treated with 3beta-(2-diethylaminoethoxy)-androsterone HCl (U18666A) as described [34] . Briefly, the cell culture medium was removed 4 hours after plating and fresh medium containing U18666A at 3 mg/ml was added for 18 hours.
Subcellular fractionation and Immunoblotting
Early and late endosomal fractions were prepared as described [32, 34] . Briefly, BHK cells were homogenized, a post nuclear supernatant (PNS) was prepared, adjusted to 40.6% sucrose, loaded on the bottom of a SW41 tube and overlaid sequentially with 35%, 25% and 8.5% sucrose solution in 3mM imidazole, pH 7.4. The gradient was centrifuged for 90 minutes at 35000 rpm. Heavy membranes, early and late endosomal fractions were collected at the 40.6/35%, 35/25% and 25/8.5% interfaces respectively. Proteins were separated by SDS-PAGE using 12.5% acrylamide gels and transferred onto a nitrocellulose membrane. Western blots were revealed with SuperSignal Chemiluminescence (Pierce) and quantified by densitometry.
Isolation of DRMs from early and late endosomal fraction
DRMs were prepared from late endosomes as described [25] . Early or late endosomes were diluted four times, sedimented by centrifugation (TLS55 Beckman Rotor, 30 min, 55000 rpm) and resuspended in 200 ml of lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA) in the presence of Complete, a cocktail of protease inhibitors (Roche) and 1% Triton X-100. After 20 min of incubation at 4uC, the lysat was adjusted to 40% OptiPrep (Nycodenz), overlaid with 30% and 0% OptiPrep cushions and centrifuged for two hours at 55000 rpm (4uC) using a TSL55 rotor. Six fractions were collected and precipitated with 6% trichloroacetic acid in the presence of sodium deoxycholate as a carrier.
Sample preparation for mass spectrometry analysis
DRMs and DSMs fractions were prepared from late endosomes (200 mg) as explained in precedent paragraph. 30 mg proteins from recovered DRMs and DSMs fractions were precipitated using methanol/chloroform. Proteins were then run on 2 cm in onedimensional SDS-PAGE (15% acrylamide gel, 0.75 mm thick). Protein bands (12, and 14 for DRMs and soluble fraction, respectively) were excised and destained by repeated cycles of incubation in 25mM NH 4 HCO 3 for 15 min and then with 50% (v/v) ACN in the same buffer (25mM NH 4 HCO 3 ) for 15 min. After drying by vacuum centrifugation, the gel pieces were incubated with an oxidizing solution (7% H 2 O 2 ) for 15 min [72] . Gel pieces were then washed in HPLC grade water (SigmaAldrich) for 15 min before being dehydrated with 100% ACN. Ingel digestion was performed (0.5 mg trypsin/band; sequencing grade modified trypsin, Promega) in 25mM NH 4 HCO 3 overnight at 37uC. Peptides were extracted from the gel using passive diffusion in the following solutions: 50% ACN, then 5% formic acid, and finally 100% ACN. The extracts were dried by vacuum centrifugation and peptides were resolubilized in 5% ACN, 0.2% formic acid.
MS/MS analysis
The different sample fractions were injected into a CapLC nanoLC system (Waters) and first preconcentrated on a 300 mm65 mm precolumn (PepMap C18; Dionex). The peptides were then eluted onto a C18 column (75 mm6150 mm; Dionex). Chromatographic separation used a gradient transition from solution A (2% acetonitrile, 98% water and 0.1% formic acid) to solution B (80% acetonitrile, 20% water and 0.08% formic acid) over 60 min at a flow rate of 200 nl/min. The LC system was directly coupled to a mass spectrometer (QTOF; Waters). MS and MS/MS data were acquired and processed automatically using MassLynx software (Waters). Database searching was performed using MASCOT 2.2 software (Matrix Science) using SwissProt_ Trembl as the database and Rodent as the taxonomy. Variable modifications accorded were: Acetyl N-terminal of protein, simple and dioxidation of Methionine and cysteic acid on cysteine. Precisions on both MS and MS/MS data were set to 0.3 Da. The .dat files obtained through Mascot were further filtered using an ''in-house'' parsing solution (Irma, to be published: Bioinformatics Application Notes) build from Mascot Parser. The two sets of data were checked for false positive but none were found. Peptides whose score were . = to query identity threshold (p,0.05) and rank , = 1 were marked as significant through a first filtering and at final, a manual validation was done on proteins containing only one or two peptides. The peptide sequences were considered as validated if they contained at least 3 consecutives Y or B ions with a S/N threshold .3. Classical MS contaminants such as trypsin and keratin proteins were removed manually.
Fluorescence microscopy
Cells grown on cover slips were fixed with 3% paraformaldehyde for 20 min at room temperature and saturated with 10% phosphate-buffered saline-fetal calf serum (PBS-FCS) for 20 min. Cholesterol was labeled with 50 mg/ml Filipin in 10% PBS-FCS.
pH measurements BHK cells grown on glass cover slips, were incubated with a FITC conjugated Lamp1 antibody overnight at 37uC or a FITC dextran for 15 minutes at 37uC and washed for 40 minutes. Late endosomal pH was measured by ratio fluorescence imaging as described [73, 74] with the use of a Nipkow dual spinning disk confocal laser imaging system with a QLC module (Visitron systems GmbH, Switzerland). Cover slips were inserted into a perfusion chamber (Medical Systems, Green-vale, NY) at 37uC in 1 ml of IM medium and imaged with a video/CCD camera controlled by MetaMorph/Metafluor imaging software. Images were acquired for 500 ms at two different wavelengths, using the two lasers 490 and 440 nm. Calibration and image processing were performed as described previously [73] . Data were graphed using the Prism software. 
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